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The central variable region (CVR) of the African swine fever virus (ASFV) genome is contained within the 9-RL open
reading frame (ORF). ORF 9-RL of the ASFV isolate Malawi Lil-20/1 predicts a protein of 614 amino acids with amino- and
carboxy-terminal hydrophobic regions and a centrally located hydrophilic region. The CVR of the genome, located centrally
within this ORF, is 372 bp and contains a 132-bp direct repeat. The translated CVR within ORF 9-RL contains 31 tandem
tetramers, predominantly NADT, NANT, NVDT, and, in a few cases, CAST, GAST, or CADT. In vitro translation of 9-RL
yielded a 94-kDa protein that was strongly reactive with convalescent pig serum while monospecific 9-RL antiserum identified
a late viral protein of 94 kDa in ASFV-infected macrophages. The protein, detected by immunofluorescence staining with
9-RL antiserum, was distributed homogeneously throughout the cytoplasm of infected Vero cells. 9-RL protein size varied
among different viral isolates and among cell-culture-adapted viruses. Protein size increased proportionately with the degree
of cell culture adaptation and was directly correlated with the size of the CVR present within the ORF (300–500 bp). Analysis
of the number and composition of tandem tetramers present within the CVR of a given ASFV isolate may prove useful for
identifying and/or grouping ASFV isolates. q 1996 Academic Press, Inc.
INTRODUCTION In addition, the ASFV genome possesses a central
variable region (CVR) of approximately 400 bp (SumptionAfrican Swine Fever (ASF) is a highly lethal and eco-
et al., 1990) within the conserved central 125-kb region.nomically significant disease of domestic pigs. The
The nature of CVR variability and the genetic mecha-etiologic agent of this disease, a large enveloped
nisms involved in CVR variation are unknown.dsDNA virus (ASFV), is currently the sole member of an
In this report we define the CVR of ASFV. The molecu-unnamed family of animal viruses (Hess, 1981; Vinuela,
lar basis of this variation involves alterations in the num-1985; Costa, 1990).
ber and type of tandemly repeated amino acid tetramersAlthough the icosahedral morphology of the ASFV vi-
within a late viral gene, 9-RL. Analysis of the 9-RL proteinrion resembles that of Iridovirus, both the ASFV genomic
product reveals a high degree of variability among differ-organization, which includes terminal cross-links and in-
ent ASFV isolates as well as between parental patho-verted terminal repeats, and the cytoplasmic replication
genic isolates and their cell-culture-adapted variants.strategy indicate a close relationship of ASFV to the Pox-
viridae (Ortin et al., 1979; Sogo et al., 1984; Gonzalez et
MATERIAL AND METHODSal., 1986).
A high degree of variability in genomic size and restric- Cells and viruses
tion pattern is observed when different ASFV isolates are
ASFV European isolates E70 and E75 were obtainedcompared. This variability is primarily at the left 35-kb
from J. M. Escribano (Instituto Nacional de Investigaci-and right 15-kb ends of the genome (Wesley and Tuthil,
ones Agrarias, Spain). The African isolate Malawi Lil-1984; Blasco et al., 1989a,b), regions which contain at
20/1 was obtained from L. Dixon (Institute of Animalleast five multigene families (MGF): MGF360, MGF110,
Health, Pirbright Laboratory, UK). The Uganda 61, Ke-MGF100, MGF300, and MGF530 (Gonzalez et al., 1990;
rita, Kenya, Cameroon, Spencer (South Africa), Ten-De la Vega et al., 1990; Almendral et al., 1990; Vydelingum
gani, Madrid, Lisbon 60, Brazil 1, Brazil 2, Haiti, andet al., 1993; Yozawa et al., 1994). Variation within these
DRII (Dominican Republic) isolates were obtained fromregions is also observed during viral adaptation to mon-
the Plum Island Animal Disease Center (PIADC) ASFVkey cell lines (Blasco et al., 1989a; Tabares et al., 1987)
reference collection.and appears to be associated with reduction of viral viru-
Highly cell-culture-adapted variants of ASFV isolateslence (Tabares et al., 1987).
E75, Lisbon 60, Brazil 2, and DRII were also obtained
from the PIADC reference collection and are referred to1 To whom correspondence and reprint requests should be ad-
dressed. with a ‘‘V’’ after the isolate name, e.g., E75V. Variants of
200042-6822/96 $18.00
Copyright q 1996 by Academic Press, Inc.
All rights of reproduction in any form reserved.
AID VY 7921 / 6a17$$$$81 04-30-96 00:37:17 vira AP: Virology
21AFRICAN SWINE FEVER VIRUS CENTRAL VARIABLE REGION
the ASFV isolate E70 passaged 14, 44, and 81 times in (forward primer 5* TTGAGTCGACAGGGCCATCTCT 3*;
reverse primer 5* ATAAGAATTCCGAGATATGGCAGAAmonkey stable (MS) cells, referred to respectively as
MS14, MS44, and MS81 (Alcaraz et al., 1992), were kindly 3*). Clones containing ORF 9-RL were identified by colony
hybridization. Proper framing of the 9-RL ORF in the cloneprovided by J. M. Escribano. These viruses were pas-
saged 2 additional times in Vero cells before their use. pET-CVR was confirmed by DNA sequencing (data not
shown). Escherichia coli BL21(DE3) cells, transformedVero cell and primary pig macrophage cell cultures were
prepared as previously described (Afonso et al., 1992). with the recombinant plasmid pET-CVR, were grown in
LB medium (ampicillin 100 mg/ml). Synthesis of 9-RL pro-
ORF 9-RL sequence analysis tein was induced by IPTG (isopropyl-b-D-thiogalactopy-
ranoside) as described (Afonso et al., 1992). Bacteria
The 16.25-kb l clone LMw9, beginning at the SalI f
were then collected by centrifugation, frozen, thawed,
fragment of the pathogenic ASFV isolate Malawi Lil-20/
resuspended in PBS, and disrupted by sonication (cell
1 genome and mapping in the center of the genome (0.47
extracts). A New Zealand White rabbit was inoculated
to 0.56 map units), was subcloned (Bankier et al., 1987)
intramuscularly with the 9-RL-containing cell extract in
and sequenced in its entirety by a random sequencing
complete Freund’s adjuvant and boosted three additional
strategy employing the dideoxy chain-termination
times with the cell extract in incomplete Freund’s adju-
method (Sanger et al., 1977) and an ABI 370A automated
vant. Immune serum was collected 10 days after the final
DNA sequencer. Random sequences were assembled
booster inoculation.
using the computer programs of Staden (1982). Se-
quences from both strands were obtained for the entire In vitro translation of ASFV ORF 9-RL
9-RL gene which begins at base 11711 and ends at base
Plasmid pET-CVR was linearized by digestion with SalI9869 on the negative strand of LMw9.
enzyme, transcribed in vitro using mCAP mRNA cappingPolymerase chain reaction (PCR)-amplified products
kit (Stratagene, La Jolla, CA) and translated in vitro withof the 9-RL CVR region from different ASFV isolates were
the Express translation kit (Stratagene) in the presenceobtained using a primer pair that flanks the CVR repeat
of 240 mCi of [35S]methionine (NEN-Dupont, Wilmington,region within the Malawi 9-RL ORF (forward primer 5*
DE) as described previously. Immunoprecipitation (IP)AATGCGCTCAGGATCTGTTAAAT 3*; reverse primer 5*
was performed as previously described (Afonso et al.,TCTTCATGCTCAAAGTGCGTATA 3*). Template DNA for
1992). Samples were electrophoresed under denaturingASFV isolates was obtained from infected macrophage
conditions in 10% polyacrylamide gels and visualized bycell cultures. Infected cells were collected by centrifuga-
autoradiography.tion, resuspended in 300 ml of PCR Buffer (50 mM KCl,
2.5 mM MgCl2 , pH 8.3, 15 mM Tris, pH 8, 0.5% Tween
Immunoprecipitation of ASFV-infected cell extracts20, and 100 mg/ml proteinase K), and incubated at 567
for 45 min, followed by enzyme inactivation at 957 for 10 Pig macrophages infected with various ASFV isolates
min. Ten microliters of each sample was used in the PCR and Vero cells infected with cell-culture-adapted ASFV
reaction with AmpliTaq DNA polymerase (Perkin–Elmer strains were pulse labeled with [35S]methionine from 4
Cetus). PCR products obtained were run in a 3% agarose to 15 hr post infection (h.p.i.). Culture lysates were then
gel in TAE buffer (0.04 M Tris acetate, 0.001 M EDTA, immunoprecipitated with preimmune pig and rabbit sera,
pH 8) and visualized by staining with ethidium bromide. convalescent pig sera, or monospecific 9-RL rabbit anti-
Amplified products were sequenced in both orientations serum (Borca et al., 1994b). For time course experiments,
either directly or after cloning in TA vectors (Invitrogen, replicate plates of pig macrophages were infected with
San Diego, CA) using the Sanger dideoxy chain-termina- ASFV (Malawi Lil/20/1), pulse labeled with [35S]-
tion method (Sanger et al., 1977) with Sequenase enzyme methionine at different times after infection, and har-
2.0 (Sequenase DNA sequencing kit, Version 2; U.S. Bio- vested 2 hr later.
chemical). DNA and protein structural analysis was con-
ducted with GCG (Devereux et al., 1984) and SAPS (Bren- Indirect immunofluorescence analysis
del et al., 1992) computer programs.
Vero cells were grown in chamber slides and infected
(m.o.i.  1) with the pathogenic ASFV isolate Haiti. At 16Bacterial expression of ASFV ORF 9-RL and
hr postinfection, cells were fixed with methanol for 10production of monospecific 9-RL rabbit antiserum
min at room temperature. Immunofluorescence was per-
formed as follows: slides were blocked 1 hr with blockingThe 9-RL ORF was amplified by PCR and cloned into
the plasmid pET 21a (Novagen, Madison, WI) using DNA buffer (1% BSA, 2% horse serum in PBS), incubated 1 hr
with either monospecific 9-RL rabbit antiserum or preim-from the ASFV l clone LMw9 (Dixon, 1988) as template.
PCR amplification of the entire ORF was performed using mune rabbit serum (1/100 in blocking buffer), washed
three times with washing buffer (1% BSA in PBS), incu-a set of degenerate primers that created an EcoRI and
a SalI site at the respective 5* and 3* end of the ORF bated for 1 hr with fluorescein isothiocyanate-conjugated
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FIG. 1. (A) Location of ORF 9-RL containing the CVR of the ASFV Malawi Lil-20/1 genome (0.47 to 0.58 map units) within the SalI f fragment. LVR,
left variable region; CVR, central variable region; and RVR, right variable region. (B) Deduced amino acid sequence of 9-RL. Internal methionine
residues are underlined and the repeat domains are boxed.
goat anti-rabbit antibody (1/100 in blocking buffer) (Gibco, kDa from ASFV Malawi Lil-20/1-infected macrophages
(Fig. 2IIA, lane 1). Less intense bands of approximatelyGaithersburg, MD), and washed three times with wash-
ing buffer prior to microscopic examination. 98, 75, and 69 kDa were also observed. The smaller
polypeptides might represent products of partial proteol-
RESULTS ysis of the 94-kDa protein or different translation products
initiated from internal ATG codons present within the 9-Amino acid sequence and molecular cloning of ASFV
RL coding region (Fig. 1B).ORF 9-RL
Although the CVR within ORF 9-RL contains 10 poten-
ORF 9-RL predicts an acidic 614-amino-acid protein of tial casein kinase II phosphorylation sites (Prosite
69 kDa (pI 4.8) containing the CVR (Fig. 1B). The CVR of PS00006), no detectable phosphorylation of the 94-kDa
ASFV isolate Malawi Lil-20/1 (0.5 map units) is 372 bp protein was observed when infected macrophage cell
in length and located within the SalI f fragment of the
viral genome (Fig. 1A). Neither the flanking regions of
ORF 9-RL nor the CVR resemble any protein in the data-
bases. The CVR, comprising amino acid residues 160 to
284, consists of a set of low-complexity tandem repeats,
NA(D/S)T, rich in threonine, serine, alanine, and aspara-
gine (Fig. 1B). The hydrophilic CVR region has a predicted
structure of turns alternating with b sheets and 11 pre-
dicted N-linked glycosylation sites. The flanking carboxy
region from residue 519 to 575 has a short predicted
low-complexity nonglobular a-helical domain with a sig-
nificant mixed-charge cluster (45% leucine, lysine, and
aspartic acid).
A 94-kDa protein was expressed in E. coli from the 9-
RL ORF-containing expression vector, pET-CVR. A pool
of ASFV convalescent pig sera detected the E. coli-ex-
pressed protein by Western blotting (data not shown)
FIG. 2. (I) Recognition of 9-RL protein by ASFV hyperimmune pig
and also immunoprecipitated the in vitro-translated prod- serum and specificity of anti-9-RL monospecific rabbit serum. Immuno-
uct from pET-CVR (Fig. 2I, lane 1), indicating 9-RL is ex- precipitation of pET-CVR in vitro-translated product was performed us-
ing a pool of ASFV convalescent pig sera (lane 1), a pool of preimmunepressed during ASFV infection in vivo. Additionally, a
pig sera (lane 2), anti-9-RL monospecific rabbit serum (lane 3), andmonospecific rabbit antiserum to the 9-RL protein specifi-
preimmune rabbit serum (lane 4). (II) Expression of 9-RL protein incally immunoprecipitated the 94-kDa in vitro-translated
ASFV Malawi Lil-20/1-infected swine macrophages. (A) IP reactions
product from pET-CVR (Fig. 2I, lane 3). with monospecific anti-9-RL rabbit serum using virus-infected macro-
phages labeled from 2 to 15 h.p.i. in the absence (lane 1) and presence
Expression and localization of 9-RL protein of cytosine arabinoside (lane 2). (B) Time course experiment. IP reac-
tions using monospecific anti-9-RL rabbit serum using mock-infectedin ASFV-infected cells
macrophages (lane 1), Malawi Lil-20/1-infected macrophages labeled
Monospecific antiserum to ORF 9-RL specifically im- from 2 to 4 h.p.i. (lane 2), 4 to 6 h.p.i. (lane 3), 6 to 8 h.p.i. (lane 4), and
8 to 10 h.p.i. (lane 5) are shown.munoprecipitated a major protein of approximately 94
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isolates expressed proteins with apparent molecular
weights of 75 kDa. No isolate examined expressed a
protein equal to or greater in size than the 94-kDa protein
found in Malawi Lil-20/1-infected cells.
PCR amplification of the CVR within ORF 9-RL of ASFV
isolates was performed to determine if size variation
within the CVR of viral isolates was responsible for vari-
ability in 9-RL protein molecular weight. The CVR from
the four isolates examined ranged in size from 190 to 410
bp and in all cases CVR size accounted for the observed
variation in 9-RL protein size (Fig. 3B). CVR–PCR prod-
ucts from various ASFV isolates were cloned and se-
quenced to further analyze the nature of CVR variability.
As shown in Table 1, the CVR of ORF 9-RL consists of
repeated amino acid tetramers that vary in number and
type, with NA(N/D/V)T and CA(S/D)T being most com-
mon. In most cases, the number and type of repeated
amino acid tetramers within the CVR of a given viral
isolate were isolate specific. However, ASFV isolates
containing identical CVR were observed. Groupings of
viral isolates identical at the nucleotide level include
FIG. 3. Variability of 9-RL protein in ASFV isolates. (A) Immunoprecipi-
Spencer and Uganda 61; E75 and Lisbon 60; Madrid andtation of extracts from pig macrophages infected with ASFV isolates:
E70; and Cameroon, Brazil 1, and Brazil 2 (Table 1).E70 (lane 1), E75 (lane 2), Lisbon 60 (lane 3), Kerita (lane 4), Uganda
61 (lane 5), Haiti (lane 6), Brazil 2 (lane 7), Dominican Republic II (DRII)
(lane 8), Cameroon (lane 9), Tengani (lane 10), and Malawi Lil-20/1 Variation in ASFV ORF 9-RL during cell culture
(lane 11). (B) Size analysis of CVR. PCR amplifications of the CVR region adaptation
from Kerita (lane 1), Uganda 61 (lane 2), Cameroon (lane 3), and Malawi
Lil-20/1 (lane 4) isolates. We also analyzed 9-RL variation within ASFV isolates
adapted to grow in monkey cell lines. PCR analysis of
the 9-RL CVR was performed using total virion DNA fromcultures were labeled with inorganic 32P (data not
various viral isolates and their corresponding cell-cul-shown).
ture-adapted variants (Fig. 4A). In all cases, CVR sizeTime course protein labeling experiments demon-
increased following viral adaptation for growth in Verostrated that low levels of the 94-kDa polypeptide were
and MS cells.first detected between 4 and 6 h.p.i. with levels increas-
Within the European isolate E70, CVR size increaseding significantly at 6 to 10 h.p.i. (Fig. 2IIB). The protein
gradually from approximately 350 to 550 bp during 81was not found in extracts of infected macrophages
passages in MS cells (Fig. 4A). Interestingly, adapta-treated with cytosine arabinoside (Fig. 2IIA, lane 2). This
tion-associated variation did not alter the framing ofresult, together with the temporal expression results, in-
the ORF nor affect production of the 9-RL protein prod-dicates 9-RL is a late viral gene, i.e., expression does
uct (Fig. 4B).not occur in the absence of viral DNA replication and
To examine the molecular basis of this CVR variation,late viral protein synthesis. Within infected Vero cells,
PCR products of CVR regions from E70, MS14, MS44,specific immunofluorescence with 9-RL antiserum was
and MS81 viruses were amplified, cloned, and se-homogeneously distributed throughout the cell cyto-
quenced. Table 1 shows that adaptation-associated CVRplasm (data not shown).
size variation is due to duplication of specific amino acid
repeats within the region. The CVR termini were, how-Variation in ASFV ORF 9-RL among different viral
ever, remarkably stable during cell culture adaptation.isolates
To assess variability of the 9-RL protein among diverse Differential stability of ASFV CVR during replication in
ASFV isolates, the protein was immunoprecipitated from pig macrophages and monkey cell lines
lysates of macrophages infected with 11 pathogenic iso-
lates including those from Europe, the Caribbean, and PCR amplification and cloning of the ASFV CVR during
replication of MS-cell-adapted viruses MS14, MS44, andAfrica (Fig. 3A). All European isolates, the African isolate
Kerita, and Caribbean isolates Haiti and DRII encoded a MS81 in Vero cells resulted in CVR clones of heteroge-
neous size even though only a single major PCR productprotein of approximately 90 kDa. ASFV isolates Brazil 2
and Cameroon synthesized a faster migrating protein band was observed by ethidium bromide staining (Figs.
5B–5D). In contrast, homogeneous CVR size was ob-of approximately 85 kDa while Uganda 61 and Tengani
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TABLE 1
ASFV CVR Amino Acid Tetramers in Pathogenic Isolates and Cell-Culture-Adapted Variants
Isolate CVR Repeats Origin
1 48
Madrid KKKA...BNA AAA.....CB NA.BNA.... ...BNA.BTD BNAFAYYY 25 Europe
E70 KKKA...BNA AAA.....CB NA.BNA.... ...BNA.BTD BNAFAYYY 25
MS14 KKKA...BNA AAAAAA..CB NA.BNA.... ..CBNACBTD BNAFAYYY 30
MS44 KKKAAA.BNA AAAAAAAACB NACBNA.... ..CBNACBTD BNAFAYYY 35
MS81 KKKAAAABNA AAAAA...CB NACBNAAABN AAABNACBAC BNAFAYYY 39
E75 KKKA...BNA AAA.....CB NA.BNA.... ...BNA.DTD BNAFAYYY 25
Lisbon60 KKKA...BNA AAA.....CB NA.BNA.... ...BNA.DTD BNAFAYYY 25
DR1 KKKA...BNA AAA.....CB NA.BNA.... ...BNA.... BNAAAYYY 22 Caribbean
Brazil1 KKKA...BNA AAA....... .......... ..CBNA.BTD BNAFAYYY 19
Brazil2 KKKA...BNA AAA....... .......... ..CBNA.BTD BNAFAYYY 19
Camaroon KKKA...BNA AAA....... .......... ..CBNA.BTD BNAFAYYY 19 Africa
Uganda61 KKK....BNA AHA....... .......... .......... ..AF.YYY 8
Spencer KKK....BNA AHA....... .......... .......... ..AF.YYY 8
Malawi KKKA...... VSVSOVNAON OVVNVOVNAV NOVVNOVOOV .....YYY 31
Note. KKK, NLHAQSAYT amino terminus; YYY, EYTDLTDPERIP carboxy terminus; A, CAST; B, CADT; C, GAST; D, CASM; F, CANT; N, NVDT; T,
NVNT; H, RAST; S, SAST; O, NANI, NADI, NASI; and V, NAST, NAVT, NANT, NADT.
served for ASFV isolates E70, Camaroon, and Uganda typical ASFV codons (Table 2). A pyrimidine transition
(C–T) is found in the CVR amino acid residues when two61 during replication in pig macrophages (Fig. 5A, and
data not shown). codons are used (threonine, asparagine, and aspartic
acid). Other coding regions of 9-RL flanking the CVR
Differential codon usage for CVR of ORF 9-RL and show no difference from typical ASFV codon usage.
ASFV coding regions
DISCUSSIONWith the exception of aspartic acid, a specific subset
of codons is used in the CVR to the exclusion of other
Here, we have defined the CVR of the ASFV genome
and found that it encodes repeated amino acid tetramers
within a late viral gene (ORF 9-RL).
In Malawi Lil-20/1-infected macrophages, ORF 9-RL
expressed a protein of approximately 94 kDa (Fig. 2IIA),
a mobility also observed in cell-free translation systems
(Fig. 2I). The discrepancy between the 69-kDa predicted
molecular mass of the polypeptide encoded by ORF 9-
RL and the size estimated from SDS–PAGE may be a
result of specific exclusion of SDS molecules due to the
presence of predicted negatively charged pockets along
the internally repetitive domains of the polypeptide (Fig.
1B; Takano et al., 1988).
A comparison of 9-RL proteins among different ASFV
isolates and cell-culture-adapted variants showed a high
degree of variability in SDS–PAGE mobility (Figs. 3A and
4B). This variation in protein size correlated with size of
the CVR region contained within the gene (Figs. 3B and
4A). Sequence analysis of the CVR suggests that duplica-
tion and deletion of amino acid repeats, as well as gener-FIG. 4. Variability of CVR within ORF 9-RL during cell culture adapta-
ation of novel repeat arrays, accounts for the diversitytion of ASFV. (A) PCR amplification of the CVR of different ASFV isolates
and their cell-culture-adapted variants (MS or V). CVR–PCR products observed in this genomic region (Table 1). Recently, the
from different ASF viruses: E-70 (lane 1), MS14 (lane 2), MS44 (lane 3), complete sequence of the ASFV BA71V strain was pub-
MS81 (lane 4), E-75 (lane 5), E-75V (lane 6), Lisbon 60 (lane 7), Lisbon lished (Yanez et al., 1995). Comparison of BA71V ORF
60V (lane 8), Brazil 2 (lane 9), and Brazil 2V (lane 10). (B) Expression
B602L with the Malawi isolate ORF 9-RL showed a highof 9-RL protein in cell-culture-adapted ASF viruses: MS14 (lane 1),
degree of sequence conservation at both the nucleotideMS44 (lane 2), MS81 (lane 3), E-75V (lane 4), Lisbon 60V (lane 5), and
Brazil 2V (lane 6). and the amino acid level in the amino-terminal (96.9 and
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FIG. 5. Differential stability of ASFV CVR during replication in pig macrophages and monkey cell lines. PCR amplifications shown in Figs. 3B and
4A were cloned into TA plasmids (Invitrogen, San Diego, CA). DNA plasmid minipreps of individual bacterial clones were digested with EcoRI and
analyzed by gel electrophoresis. Six independent clones from CVR-amplified products of (A) E70, (B) MS14, (C) MS44, and (D) MS81 are shown.
98.8% of identity, respectively) and carboxy-terminal do- et al., 1994). Analysis of some of these ORFs revealed
mains of the ORF (96.5 and 97.4% of identity, respec- either differences in number and type of repeat units
tively). The CVR of BA71V ORF B602L encodes 28 amino among ASFV isolates (Sun et al., 1995) or repeat number
acid tetramer repeats of the form CAxT in the CVR while variation in cell-culture-adapted viruses (Rodriguez et al.,
Malawi ORF 9-RL has 31 repeats with the predominant 1994).
form being NAxT. With previously reported ASFV genes, repeat variation
Other areas of the ASFV genome contain repetitive associated with passage of pathogenic viral isolates in
sequences, such as the terminal inverted repeats (Sogo cell culture represented a random process that gener-
et al., 1984) and intergenic repeat arrays similar to chro- ated protein products of both higher and lower molecular
mosomal minisatellite sequences (Dixon et al., 1990). weight (Rodriguez et al., 1994). Interestingly, adaptation-
Variation in both number and type of repeat units within associated changes in ORF 9-RL generates viral variants
these regions has been described for different ASFV iso- containing larger CVRs (Fig. 4). Although the significance
lates (Dixon et al., 1990). In addition, several ORFs of of this is unknown, it is possible that these changes
ASFV have been reported to contain repeated sequences might confer a selective advantage for viral replication
within their coding regions (Rodriguez et al., 1994; Sun in cell culture. A direct correlation between repeat copy
et al., 1995; Martins et al., 1994; Borca et al., 1994a; Dixon number and viral attenuation cannot, however, be estab-
lished due to the existence of pathogenic isolates with
a high number of repeat units.TABLE 2
The results presented here with protein 9-RL, together
Differential Codon Usage for CVR of ORF 9-RL
with previous reports on ASFV protein p54 (Rodriguez etand ASFV Coding Regions
al., 1994; Sun et al., 1995), suggest there is a mechanism
Amino acid Codona CVR (%) ASFV (%) operating during ASFV replication which generates varia-
tion in these viral proteins. This variation is, however, not
C TGT 100 50 readily detected after passage of virus in pigs nor in
R CGT 100 14
primary cultures of pig macrophages. Thus, it is possiblyI ATC 50 20
a rare event in the swine host or, perhaps, variation mightI ATA 50 26
T ACT 43 18 be generated in the ASFV invertebrate host, soft ticks of
T ACC 57 29 the genus Ornithodoros.
G GGT 100 20
Several mechanisms have been proposed to explainN AAT 78 49
the instability of tandemly repeated DNA sequences.N AAC 22 51
S AGC 100 19 These include nonhomologous recombination with un-
V GTA 100 33 equal exchange (Smith, 1976), as well as DNA polymer-
A GCA 100 28
ase slippage (Schlotterer and Tautz, 1992).D GAT 58 62
Although the exact mechanism generating repeat in-D GAC 42 38
stability in ASFV ORFs is not well understood, in vitro
a Comparison of the ASFV restricted codon usage (1773 codons) studies using simple DNA sequences suggest that
from the CVR of ORF 9-RL and ASFV codon usage (1441 codons). strand slippage during DNA replication is the majorCodon usage for the amino acid residues A, C, G, I, N, R, S, T, and V
cause of length polymorphism in processes involvingis statistically different (x2  16.6, P  4.4 1 1005) while codon usage
for D (x2  0.24) is not. length changes of a few bases (Schlotterer and Tautz,
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Blasco, R., Aguero, M., Almendral, J. M., and Vinuela, E. (1989a). Variable1992). Such a process involves the formation of blocks
and constant regions in African swine fever virus DNA. Virology 168,of mismatched complementary DNA. Linkage between
330–338.
replication slippage of repeated sequences and defec- Blasco, R., De la Vega, I., Almazan, F., Aguero, A., and Vinuela, E.
tive cellular DNA repair mechanisms has been reported, (1989b). Genetic variation of African swine fever virus: Variable re-
and it is known that mutations in DNA repair genes cause gions near the ends of the viral DNA. Virology 173, 251–257.
Borca, M. V., Kutish, G. F., Afonso, C. L., Irusta, P. M., Carrillo, C., Brun,tract instability due to unrepaired errors (Strand et al.,
A., Sussman, M. D., and Rock, D. L. (1994a). An African swine fever1993; Lindahl, 1994).
virus gene with similarity to the T-lymphocyte surface antigen CD2Thus, a cell with a deficient mismatch repair system,
mediates hemadsorption. Virology 199, 463–468.
one unable to remove unpaired bases, could explain re- Borca, M. V., Irusta, P. M., Carrillo, C., Afonso, C. L., Burrage, T., and
peat instability. Recently, defects in mismatch repair Rock, D. L. (1994b). African swine fever virus structural protein p72
contains a conformational neutralizing epitope. Virology 201, 413–functions were reported in immortal cultured cell lines
418.(Kat et al., 1993). It is possible that the immortalized mon-
Brendel, V., Bucher, P., Nourbakhsh, I. R., Blaisdell, B. E., and Karlin,key cell lines used to grow ASFV have a less efficient
S. (1992). Methods and algorithms for statistical analysis of protein
DNA repair mechanism than the one operating in primary sequences. Proc. Natl. Acad. Sci. USA 89, 2002–2006.
pig macrophages. Since ASFV DNA replication in cells Costa, J. V. (1990). African swine fever virus. In ‘‘Molecular Biology of
has an early nuclear phase (Garcia-Beato et al., 1992), Iridoviruses’’ (G. Darai, Ed.), pp. 247–270. Kluwer Academic, Dor-
drecht, Holland.it is possible that an efficient cellular DNA repair mecha-
De la Vega, I., Vinuela, E., and Blasco, R. (1990). Genetic variation andnism is required to ensure fidelity of ASFV replication.
multigene families in African swine fever virus. Virology 179, 234–Differences in stability of ASFV repeated sequences
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